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• Table 1 • Figure 1 We believe that optimal monitoring during spinal surgery requires recording both SEPs and MEPs. This provides independent verification of spinal cord integrity using two parallel but independent systems, and also allows detection of the occasional insults that selectively affect either motor or sensory systems. NEUROLOGY 1996;47: 999-1004 Somatosensory evoked potentials (SEPs) are often monitored intraoperatively to decrease the risk of spinal cord injury during surgery on the spine or spinal cord. While SEP monitoring is generally sensitive to intraoperative spinal cord injury, it relies on the integrity of the large-fiber sensory system, and intraoperative motor deficits occasionally occur despite lack of change in the SEPs. [1] [2] [3] Furthermore, intraoperative SEP monitoring may be compromised by electrical interference, which both degrades the fidelity of the monitored signals and increases the time required to obtain an interpretable SEP. We therefore evaluated the utility of supplementing intraoperative SEPs with concurrent motor evoked potential (MEP).
Methods.
Both SEPs and MEPs were monitored in patients undergoing either orthopedic or neurosurgical spine operations. This report of 116 consecutive cases (patient age range 2 months to 77 years) includes 19 cases that were previously published. [4] This study was approved by the Institutional Review Board of Columbia Presbyterian Medical Center.
General anesthesia was induced at the discretion of the attending anesthesiologist. Anesthesia was maintained using an MEPs were recorded from electrodes placed over the bellies of right and left quadriceps, tibialis anterior, and extensor digitorum brevis muscles. Reference electrodes were over the corresponding tendons. The spinal cord was stimulated rostral to the procedure site using either insulated monopolar needle electrodes placed near the ligamentum flavum in adjacent interspinous ligaments or strip electrodes (two 5-mm steel discs, 15 mm between centers in a silastic strip) positioned in the epidural or subarachnoid space. The cathode electrode was caudal to the anode. A constant-current stimulator delivered squarewave pulses of 2 to 40 mA with a duration of 0.1 to 0.5 msec and frequency of 0.5 Hz, adjusted to produce stable, well-formed compound muscle action potentials (CMAPs) in the monitored muscles, but with minimal or no twitches in truncal musculature. The pass band was 30 to 3,000 Hz (-6 dB), and 2 to 20 responses were averaged to produce the MEP waveform.
SEPs were recorded following stimulation of posterior tibial or peroneal nerves with a 0.2-msec 15-to 25-mA squarewave pulse at a rate of approximately 4 Hz. Recording derivations of Cz-Fpz, C3-C4, and C3 or C4 (ipsilateral to the stimulated limb) referred to Fpz were employed to record the cortical near-field evoked potential. Fpz, referred to a noncephalic electrode, was used to record subcortical far-field signals. [5] The pass band was 30 to 3,000 Hz (-6 dB), and 500 to 2,000 responses were averaged to produce the SEP waveform.
For both MEPs and SEPs, significant deterioration of the response was defined as a decrease in amplitude to less than 50% of baseline, observed over two to three sequential trials, and unexplained by changes in anesthetic regimen, blood pressure, or recording conditions.
Results.
Indications for surgery were scoliosis/kyphosis (47 cases), spinal cord tumor (27 cases), tethered spinal cord (17 cases), spinal cord vascular malformation (9 cases), spinal stenosis (7 cases), vertebral tumor (5 cases), pseduoarthrosis (2 cases), and vertebral fracture (2 cases). We were able to monitor both SEPs and MEPs in 99 (85%) cases. In eight (7%) patients, all of whom had severe myelopathies, neither MEPs nor SEPs were recordable. In nine (8%) patients, each of whom also had a preexisting myelopathy, only SEPs (2 cases, 2%) or MEPs (7 cases, 6%) were recordable. In cases where only MEPs were recordable, the integrity of the proximal sensory pathways was confirmed by recording intact SEPs following spinal cord stimulation proximal to the surgical site.
The median amplitude of the CMAPs monitored was 5 mu V, with a range of 1 to 500 mu V. Deterioration of monitored signals was observed in nine patients (8%), each of whom had postoperative paresis or plegia Table 1 Table   1 
Discussion.
Animal studies suggest that MEPs are useful for monitoring motor function intraoperatively. Blunt injury, [6] [7] [8] torsion, [9, 10] pressure, [11] and ischemia of the spinal cord [9, 12] produce graded loss of MEPs in experimental animals, and the degree of MEP deterioration correlates with subsequent weakness. [6, 13] In some cases, MEPs are more sensitive to spinal cord insults than are SEPs. [7, 8] MEPs may be elicited by either electrical [14] or magnetic [15] transcranial stimulation or by direct stimulation of the spinal cord. [4, 16] The clinical utility of transcranial magnetic stimulation for intraoperative monitoring, however, is limited by attenuation of transcranial magnetic MEPs caused by commonly used inhalational and intravenous anesthetics. [17, 18] Similarly, transcranial electrical MEPs are substantially attentuated in the presence of inhalational agents and nitrous oxide at concentrations routinely used to obtain surgical anesthesia. [19] [20] [21] Using direct electrical stimulation of the spinal cord, we were able to routinely record stable and robust MEPs in the presence of a balanced anesthetic technique that included halogenated inhalational agents and nitrous oxide. sensory pathways, electrical stimulation of the spinal cord activates both sensory and motor pathways. [22] We recorded CMAPs to eliminate antidromic sensory signals that would confound recordings from the spinal cord or mixed nerves. [23, 24] Furthermore, it is desirable to record MEPs distal to the anterior horn cells because the gray matter of the ventral spinal cord is a potential site of intraoperative injury. [4, 8, 25] While antidromic sensory volleys produced by spinal cord stimulation may activate lumbar interneurons or motor neurons, resulting in "contamination" of MEPs by signals mediated by sensory pathways, [26] we doubt that antidromic sensory input significantly contributed to MEPs recorded by our technique. We used a balanced anesthetic technique that included halogenated agents, known to suppress the H reflex [27] and other synaptic transmission in the spinal cord. [28] Poncelet et al. [26] demonstrated CMAPs in dogs following transection of the pyramidal tracts. However, this effect was demonstrated only after changing anesthetics from isoflurane to ketamine, an agent known to have only minimal effect on oligosynaptic reflexes. [29] The CMAPs recorded were desynchronized, delayed, and lower in amplitude than baseline. Furthermore, in cats anesthetized with pentobarbital, CMAPs elicited by electrical spinal cord stimulation are abolished following surgical transection of the pyramidal tract, sparing the dorsal columns. [30] Although it may be impossible to discount entirely a contribution mediated antidromically by sensory fibers, we believe that MEPs recorded by our technique are dependent largely on the integrity of descending motor pathways.
The use of partial neuromuscular blockade allows intraoperative MEP recording while preventing patient movement that would interfere with surgery. Although attenuated, MEPs recorded in the presence of controlled neuromuscular blockade were often one order of magnitude or more larger than scalp recorded SEPs. This resulted in favorable signalto-noise ratio that facilitated monitoring of the MEP. The MEPs were remarkably stable, and were often visible in the raw data. Typically only 2 to 10 responses (obtained in less than 5 seconds) had to be averaged to produce an interpretable, reproducible waveform, in contrast to 500 to 2,000 responses that typically must be averaged to record a SEP satisfactorily.
We believe that optimal intraoperative surveillance of spinal cord integrity involves monitoring both MEPs and SEPs.
Intraoperative spinal cord injury generally produces concordant deterioration of both MEPs and SEPs. However, on occasion, either measure may be compromised by electrical interference or other factors that can make its interpretation difficult or ambiguous. Parallel redundancy is incorporated routinely in the design of systems where failure is likely to be catastrophic. [31, 32] should increase the reliability of intraoperative spinal cord monitoring, while allowing detection of the occasional insult that selectively affects only motor or sensory pathways.
